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Abstract 

Introduction. It makes practical sense to change the properties of steels with a bainite structure, as with bainite 
transformation under the influence of a magnetic field, it is possible to improve the ductility of the steel while 
maintaining or even increasing its strength. Scientific research in this area has focused on the influence of the magnetic 
field on thermodynamics and on the change in the phase transformation scenario. However, there is no detailed 
description in open sources of the effect of a magnetic field on the structure and properties of the products of 
intermediate bainite transformation. The aim of the work is to study the peculiarities of the influence of an external 
magnetic field on the scenario and kinetics of phase transformation of steel. 

Materials and Methods. The study was conducted using samples made of 65G steel. Their chemical composition was 
monitored using a Magellan Q8 optical emission spectrometer. Heat treatment (resistive heating) was carried out in an 
IMASH 20-75 installation for high-temperature research. The heating temperature was approximately 1000 degrees 
1000°C, and the holding time was 10 minutes. The sample was cooled down using water-cooled electrical contacts. An 
external magnetic field with a strength of 400 kA/m and 800 kA/m was created by an electromagnet integrated into the 
vacuum chamber of the installation. 

Results. The experiments confirmed the potential for altering the transformation pathway from pearlite into bainite in 
the presence of an external magnetic field of up to 1 MA/m. Images of the microstructure and surface relief of samples 
after cooling in a magnetic field were obtained. Kinetic changes and dependencies of the volumetric transformation 
rates on the duration of isothermal exposure were analyzed. It has been found that exposure to a constant magnetic field 
of 1.6 MA/m increased the volumetric transformation rate by 1.808 times (for 65G steel) and by 1.687 times (for 
45Kh steel). 

Discussion and Conclusion. The results of observations of changes in the surface relief during cooling in the absence 
of a magnetic field, and in magnetic fields of various strengths, were recorded. This has allowed us to draw the 
conclusion that the external magnetic field stimulates the bainitic transformation instead of the original pearlitic one. 
Microstructural changes can be explained by the influence of the magnetic field on the initial phase magnetic state. 
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AHHOTalna 

Beeodenue. Vismenenne cBovicts crasei c OciHHTHOM CTpyKTypol MMeeT TpakKTHYeCKH CMBICI, T. K. pH OeHHHTHOM 
HIpeBpalljeHHuH MO], BO3eHCTBHEM MarHUTHOYO MOJIA BO3MOXKHO YIyUWeHve WiaCTHYHOCTH CTaJIM Ip COXpaHeHHN WIM 
TIOBLIMeCHHH ee MPOYHOCTHBIX WoKa3aTeseH. HayyHpie v3bICKaHHA B 9TOM cibepe KacasIMCb BOMIpOCoB BJIMAHHA 
MarHUTHOLO MOA Ha TePMOAMHaMHKy HW CMeHY ClleHapua (pa3z0Boro MpeBpaljeHua. OWHaKO B OTKPbITbIX HCTOUHHKAX 
HeT J[eTaIbHOrO ONMCaHHA BO3eCHCTBHA MarHUTHOrO MOsIA Ha CTpyKTypy M CBOMCTBa pOAyKTOB NpOMexKYTOUHOrO 
OeiHUTHOTO IpeBpamenna. Lenb padoTst — vccieqoBaHHe OCOOeHHOCTH BJIMAHHA BHCLWIHeTO MarHHTHOTO MONA Ha 
cljeHapuii HW KMHeTUKy (pa30Boro NpeBpaljeHuA cTaH. 

Mamepuanot u memoodvi. Uccneqopanue mpopoyqusiocb Ha oOpa3lax u3 ctamm 65I. Wx xumuyeckuit coctas 
KOHTpOJIMpoOBasIM TIpH TOMOUIM OMTHKO-3MHCCHOHHOrO clieKTpoMetpa Magellan Q8. Tepmuyueckyro oOpadorKy 
(pe3HCTHBHEIM HarpeB) MpOBOAWIM B YCTaHOBKe JJId BbICOKOTeMMepaTypHbIxX UccreqoBanui «MMALI 20-75». 
Temnepatypa Harpepa — oxos10 1000 °C, Bpema BplgepxKH — 10 MuuyT. Obdpa3el, oxnaxKyain mpu TOMO 
BOJOOXJI@KACMBIX 3JICKTPOKOHTaKTOB. BueliHee MarHHTHOe ose HampsxKeHHocThIO 400 KA/m u 800 KA/M 
CO3{aBaJIOCb 3JICEKTPOMarHHTOM, MHTerpupoOBaHHbIM B BaKyYMHY!I0 KaMepy yCTaHOBKH. 

Pe3syjiemamel ucciedosanua. DKCIIeEPHMeHTbI TOATBepAWIM BO3MO2%KHOCTbh CMeHBI CleHapva pespalleHua c 
TlepsHTHOrO Ha OeMHUTHBIM Mp BO3eHCTBHH BHeELWIHHM MarHuTHbIM oem Wo | MA/m. Tlomyuensr u300paxeHna 
MUKPOCTpyKTypbI HM MOBepXHOCTHOrO pesbeda OOpasoB Mocwe OxaKeHHA B MarHuTHOM Hose. [poanasrm3upoBaHbl 
KMHeTHYeCKHe H3MCHCHHA WH 3aBHCHMOCTH OOBEMHBIX CKOpOCTel MpeBpallleHHt OT BpeMeHH U30TepMNdecKoN 
BbIepxKKH. YCTaHOBIeCHO, YTO AelCTBHe MOCTOAHHOrO MarHuTHOrO Tosa HalpsKeHHOcTHIO 1,6 MA/M yBemmunBaeT 
OObeMHy!0 CKOpocTb MpeBpamlenua B 1,808 pa3a (qa cram 65T) u B 1,687 pasa (aa cram 45X). 

O6cystcoenue u 3aKOYenUe. 3aPUKCUPOBaHbI Pe3yIbTAThI HaOIOAeHH 3a U3MeHeEHHeM MOBepXHOCTHOrO pelbeda 
IIpH OxlaKeHHM O6€3 MarHHTHOFO MOA MW B MarHHTHBIX MOAX pa3sIM4HOM HallpswMKeHHOCTH. ITO MO3BOIHMIO CetaTb 
BBIBOX O CTHMYJIAWMH BHeCWIHHM MarHHTHbIM TOJIeM OeiHHTHOrO MpeBpalleHHA BMeCTO HCXOHOTO MepsHTHOTO. 
MukpoctTpyKTypHble H3MeHeHHA OOBACHAIOTCA BIIMAHHEM MOA Ha MATHUTHOe COCTOAHHe UCXOAHON pa3bl. 


Karouesbie C10Ba: MarHHTHOe CTHMyJIMpoBaHve OeMHHTHOTO MpeBpallleHHA, MepIMTHOe UpeBpalljeHue, yryuueHve 
CBOMCTB CTaslei, MHKPOCTpyKTypHble H3MeCHCHHA CTasIei, BAKYyMHOe TpaBsIeHHe, MaTHATOCTpHKUHOHHBIe JePpopMallun 


Aaa wuTuposanua. Jlonrases 1O.B., IlyctosoritB.H., Hedeyos J.B. Crumynayua OelHuTHoro § clleHapua 
IIpeppallleHua BHeINHHM MarHHTHBIM osIeM. bezonacnocmb mexHozeHHoix u npupooneix cucmem. 2023;8(1):88—96. 
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Introduction. As it is known, the magnetic field affects thermodynamics [1], in particular, the equilibrium 
temperature of phase transitions [2]. A significant shift in critical temperatures can be achieved only when using 
sufficiently strong (pulsed) magnetic fields [3], which is associated with certain technical difficulties when implemented 
in production conditions. The experiments indicate the appearance of a-phase in structural and tool steels under the 
action of fields with strength of 1.6—2.4 MA/m [1]. These processes take place at temperatures that are much higher 
than equilibrium and do not fit into the shift assumed by thermodynamic estimates [4]. The influence of an external 
magnetic field during the heat treatment of steel is expressed in an increase in the rate[5] and dispersion of 
transformation products [6]. It is known from [7] that during intermediate (bainitic) transformation under the influence 
of a magnetic field with strength of up to 2 MA/m, structural changes allow for a greater margin of plasticity while 
maintaining or slightly increasing strength parameters. 

The regions with a short-range magnetic order in the y-phase undergo magnetostriction under the action of an 
external magnetic field. This is due to the magnetic inhomogeneity of austenite [8] and causes a change in the field of 
elastic forces of the lattice, and the energy of formation of the critical nucleus of the a-phase decreases. The external 
magnetic field increases the number and size of ferromagnetic clusters [1]. As a result, the number of nucleation centers 
multiplicatively increases during cooling in a magnetic field. 

It is shown in [9] how the short-range magnetic order in austenite affects the change of the phase transformation 
scenario. It is known from [10] that the magnetic state of y-phase determines the transformation of ferromagnetic a- 
phase into one or another product. It can be ferrite, perlite, bainite or martensite. 
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The aim of the presented work is to experimentally verify the possibility of changing the pearlite transformation 
scenario to a bainite one when exposed to an external magnetic field up to 1 MA/m. In addition, it is necessary to 
evaluate the change in the kinetics of bainite transformation when the field is applied. 

Materials and Methods. Samples of one melting made of 65G steel were used. Their chemical composition was 
monitored using a Magellan Q8 optical emission spectrometer (Table 1). 

Table 1 
Average content of elements in the samples 


Polished samples were placed in a vacuum chamber of an IMASH 20-75 high-temperature research facility. This 
equipment provided vacuum in the working chamber of 1.3-10~ + 6.6-10~ Pa. This made it possible to implement the 
vacuum etching method. The structure was revealed as a result of evaporation in a vacuum at high temperature under 
the influence of surface tension. Upon cooling during phase transformations accompanied by shear processes, a 
corresponding relief appeared on the surface of the sample. 

The samples were subjected to resistive heating to ~ 1000°C for 10 minutes and cooled with heat removal to water- 
cooled copper electrical contacts at a rate of ~28+32°C/s. In accordance with the diagram of the isothermal 
decomposition of austenite of 65G steel, the obtained cooling rate corresponded to the intersection of the nose of the 
area of the beginning of the pearlite transformation. The high heating temperature contributed to the growth of the 
austenitic grain and vacuum etching of its boundaries, which was required for video recording of surface relief changes 


during phase transformation. 

To measure the temperature, thermal junctions were welded in the middle of the sample. During cooling, the 
processes occurring on the surface were recorded using an Eakins digital eyepiece. The obtained data on the 
microstructure of the surface relief and inside the sample were processed to determine the volume fraction of the 
structural components. For this purpose, SIAMS 800 analytical software was used in 16+25 fields of vision. 

External magnetic field was created by an electromagnet integrated into the vacuum chamber of the installation [11]. 
The experiments involved fields with a strength of 400 kA/m and 800 kA/m. Samples without a field were processed in 
the same way, but with an electromagnet removed from the vacuum chamber. 

Results. With the bainitic or martensitic shear character of the transformation, a relief should appear on the surface 
of the polished sample. If this did not happen, we were talking about a pearlitic transformation. Under experimental 
conditions, the cooling rate was insufficient for quenching 65G steel with martensite. One could expect competition 
between pearlite and bainite transformations depending on the presence or absence of an external magnetic field during 
the cooling process. 

Figure 1 shows screenshots of video frames of changes in the surface relief observed during the transformation of 
supercooled austenite at various points in time (t). Each line in Figure | corresponds to the specified strength of the 
external magnetic field (H). 


400 


800 


T, ms 


Fig. 1. Change in surface relief during cooling depending on strength of the external magnetic field (H, kA/m) 
and transformation time (t, ms) 
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Figure 2 shows the microstructures of the surface relief and inside the samples after various processing modes. 


aI). 


Fig. 2. Microstructure of the surface relief (a, b, c) and inside t he sample (d, e, f) after processing: 
a, d — without a field; b, e — in a magnetic field with a strength of 400 kA/m; 
e, f— in a magnetic field with a voltage of 800 kA/m 


When processing without a field, changes in the surface relief were observed only in individual small formations 
(1st line of Fig. 1 and Fig. 2 a). On the video recording of austenite grain cooling, the propagation of the wave process 
over the surface was slightly noticeable. Apparently, this was a reflection of phase transformation. Microstructural 
analysis of the inner layers of the sample showed the presence of an overwhelming amount (98%) of the pearlitic 
structure (Fig. 2 d). 

With the imposition of an external magnetic field, the surface relief was formed by nascent and growing bainite 
needles (the 2nd line of Fig. | and Fig. 2 5). These crystals could not be classified as martensitic because of their slow 
growth (Fig. 1). With increasing field strength, the intensity of shear transformation on the surface increased (Line 3 of 
Fig. | and Fig. 2 c), a batch bainite was formed. 

Under the action of a magnetic field with a strength of 400 kA/m, the volume fraction of bainite increased three- 
fold — up to 6% (Fig. 2 e) compared with treatment without a field. In a magnetic field with a strength of 800 kAm, the 
volume fraction of bainite was already 8+10%. This allowed us to conclude that it stimulated the change of the scenario 
of transformation from pearlite to bainite during processing in an external magnetic field. 

If the initial phase (austenite) was kept as long as possible during cooling, then the short-range magnetic order 
(magnetic inhomogeneity), which increased in it with a decrease in temperature, would lead to an athermal martensitic 
transformation scenario to its critical extent. This was known from [9]. It was shown in [1] that the superposition of an 
external magnetic field during cooling of austenite led to additional, forced magnetic stratification of austenite due to an 
increase in the number, size and time of stable existence of ferromagnetic clusters. Under the conditions of the current 
experiment, artificially enhanced by an external field, the short-range magnetic order in the y-phase promoted the 
bainite transformation instead of the pearlite one, which was natural for these cooling conditions without superposition 
of the field. 

Under the influence of a magnetic field, the kinetics of the bainite transformation changed significantly. This was 
evidenced by the increase in the bainite reaction noted during the experiment with an increase in the magnetic field 
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strength. In addition, [7] considered the imposition of an external magnetic field with a strength of 1.6 MA/m during 
isothermal exposure of various steels. The results of this work also confirmed the above statement about the kinetics of 
transformation. 

To clarify the mechanism of the influence of an external magnetic field on the kinetics of an intermediate 
transformation, the following factors were taken into account: 

— specifics of the growth of bainite crystals, which depended on the rate of removal of carbon atoms from the y/a 
boundary; 

— structural stresses arising during transformation due to changes in the specific volume of the transforming phases. 

This approach was due to the fact that relaxation processes at the interface were strongly inhibited at low 
temperatures [12]. In such a situation, the stress gradient caused the drift of carbon atoms in spite of the concentration 
heterogeneity. This played a decisive role in the rate of growth of the lower bainite. The movement of C atoms led to a 
decrease in its concentration in the volumes of the y-phase along the growth front of the bainite plates. As a result, a 
concentration gradient-controlled diffusion flow occurred. It was directed towards the growing crystal and reduced its 
growth rate. Dependencies describing these processes were found in the works of L.N. Alexandrov and 
B.Ya. Lyubov [13]. 

Magnetostrictive deformations occurred under the influence of an external magnetic field. Their elastic energy could 
make a certain contribution to the energy of interaction of diffusing atoms with the field of structural stresses. An increase 
in carbon drift and an increase in the growth rate of a-phase crystals should be expected. The rate of growth by the drift 
mechanism in accordance with the calculations of L.N. Alexandrov and B. Ya. Lyubov is described by the dependence: 

2PD 


V= ree (1) 


Cig 2 
RepkT | 1-| 2* 
Co 


Here D — carbon diffusion coefficient in austenite; R.,» — radius of the critical nucleus under the supercooling; 
Cy.@ and Co — carbon concentration in the a-phase and the initial austenite respectively. P characterizes the energy of 
interaction of diffusing atoms with the field of structural stresses caused by dilation of ¢ with a change in volume during 
the transformation process, and is found from the ratio: 


8 3 4usm 
P= ; 2 
9“ (3—av)(1-m) " 


where 7, — radius of the carbon atom; w — parameter characterizing the dependence of the lattice constant on the 


concentration of atoms of the dissolved element in solid solutions; E — Young's modulus; v — Poisson's ratio; 
w= (E/2)-(1-—v) — Lame coefficient (shear modulus in the direction [100]); m =(a—b)- (a+b), where a and b — 
dimensions of the semi-axes of the crystal in the form of an ellipsoid of rotation. 

The calculation according to formula (1) was carried out for carbon steel at: Co = 0.7; m = 0.9; v = 0.3; = 73.5 hPa; 


Z 2 
ed al ;€=0.01;@=0.02. Value Rip was determined from the ratio Ryp = 20 / AFo. 


Surface tension at the coherent boundary o=0.2 J/m*; AFy at T=600K was 315 MJ/m°*. Value Cu = 0.4 was 
determined as the concentration corresponding to the temperature of the beginning of the martensitic transformation 
(600 K). The growth rate of a-phase crystals found in this way was ~ 8-10-° cm/s, i.e. it was a value of the same order 
as Vey ~ 10° cm/s, obtained experimentally for 65G steel when videotaping isothermal relief formation. 

When the magnetic field was turned on, the measurement of the growth rate gave the same results, i.e. the effect of 
magnetostrictive stresses on the intensification of drift was not experimentally detected. 

Let us suppose the elastic displacement was equal to the true magnetostriction of the paraprocess 4 ~ 0.5-10~ [14]. 
In this case, at H= 1.6 MA/m and t= 400°C the stresses from magnetostriction were 0, = E, ~ 10 MPa. They made a 
very small contribution to the energy of interaction of diffusing atoms with the field of structural stresses. This was 
explained by the fact that the magnitude of magnetostriction was two to three orders of magnitude less than the 
magnitude of dilation (0.01 + 0.07 [15]) at a shear ya transition. For this reason, the estimation of the contribution of 


D=0.0999 exo( 
c 


magnetostriction according to formula (1) gave a vanishingly small difference in the values of the growth rate during 
processing without a field and in a magnetic field. 

The acceleration of the bainite formation process can actually be estimated using the A.N. Kolmogorov 
equation [16], which establishes a relationship between the degree of transformation, the rate of nucleation and the 
growth of the centers of a new phase. The change in the volumetric rate of transformation in a magnetic field due to a 
decrease in the formation of a ferromagnetic nucleus of critical size [1] can be found by formula: 
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where v — volumetric rate of transformation (indices 0 and H, respectively, indicate the processing conditions without a 


2-4 
a exp wi Gea ; (3) 


field and in an external magnetic field); W — energy of formation of an equilibrium nucleus; J — magnetization; H — 
magnetic field strength; Af — specific "chemical" driving force; Af* — free energy of formation of one ferromagnetic 
cluster [1]. 

According to the classical theory of L. Kaufman and M. Cohen [17], the nucleation energy of the centers of new phases 
is equal to: 


— a 
(af +ar") 


Here Af* — process of formation of ferromagnetically ordered clusters in austenite; 8 — parameter that takes into 


(4) 


account the influence of elastic deformation energy; o — surface tension. It is known from [17] that 
0703 = 9.92 - 10'° P/m'?. 

Calculations were performed for temperatures of 543 K (65G steel) and 628 K (45Kh steel) at a magnetic field strength 
of H= 1.6 MA/m. Energy of formation of the equilibrium nucleus W was determined at a specific chemical driving force 
Af= 150 MJ/m3 taking into account the field strength and the average size of the ferromagnetic cluster ~ 1.8 nm [1], for 
which value Af* = 0.63 MJ/m? was obtained. Calculation by formula (3) gave for the bainitic transformation in 
65G steel vy/v0 = 1.804, and in 45 Kh steel vy/1 = 1.665. 

Dependencies of the volumetric conversion rate (Fig. 3) were obtained using experimental data [7] on the degree of 
bainitic transformation in65G and 45Kh steels at different times of isothermal exposure without a field and in a 
magnetic field with a strength of 1.6 MA/m. 
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Fig. 3. Dependencies of volumetric conversion rate (vertical axis, %/ s) on time of isothermal exposure: a — for 65G steel at a 
temperature of 375°C; 6 — for 45Kh steel at a temperature of 320°C. The blue curve reflects processing data without a field, the red 
one — in a magnetic field. Experimental points are marked on each line 


Figure 3 allows us to consider the ratio of the volumetric conversion rate during processing in the field to processing 
without the field vy/vo at the very beginning of the bainite reaction (extrapolated value in t = 1 s). For 65G steel, it turns 
out to be 1.808, for 45Kh steel — 1.687. This is close to the theoretical estimates given above: 1.804 for 65G steel and 
1.665 for 45Kh steel. In the process of transformation, the speeds change. If we consider the very first experimental 
points on the graphs, then: 

— for 65G steel at t= 40 s vy/v = 1.75; 

— for 45Kh steel at t= 28 s vp/v = 1.629. 

As the isothermal exposure time increases, the volume velocities become less correlated with the calculated values. 

Conclusion. It has been experimentally established that by using an external magnetic field, it is possible to change 
the transformation scenario from pearlite to bainite. This is explained by an increase in the degree of short-range 
magnetic order in austenite as a result of an increase in the number and size of ferromagnetic clusters in the gamma 
phase under the influence of a magnetic field. With an increase in its voltage, the magnetic heterogeneity of austenite 
increases. As a result, the rate of bainite transformation increases. The calculated values of the increase in the 
volumetric rate of transformation under the action of an external magnetic field are in good agreement with 
experimental data for the initial rates of bainite transformation. 
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